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ABSTRACT: Recent studies have concluded that coal-tar-based pavement sealants are a
major source of polycyclic aromatic hydrocarbons (PAHs) in urban settings in large parts of
the United States. In 2006, Austin, TX, became the first jurisdiction in the U.S. to ban the use
of coal-tar sealants. We evaluated the effect of Austin’s ban by analyzing PAHs in sediment
cores and bottom-sediment samples collected in 1998, 2000, 2001, 2012, and 2014 from Lady
Bird Lake, the principal receiving water body for Austin urban runoff. The sum concentration
of the 16 EPA Priority Pollutant PAHs (∑PAH16) in dated core intervals and surficial
bottom-sediment samples collected from sites in the lower lake declined about 44% from
1998−2005 to 2006−2014 (means of 7980 and 4500 μg kg−1, respectively), and by 2012−
2014, the decline was about 58% (mean of 3320 μg kg−1). Concentrations of ∑PAH16 in
bottom sediment from two of three mid-lake sites decreased by about 71 and 35% from 2001
to 2014. Concentrations at a third site increased by about 14% from 2001 to 2014. The
decreases since 2006 reverse a 40-year (1959−1998) upward trend. Despite declines in PAH
concentrations, PAH profiles and source-receptor modeling results indicate that coal-tar sealants remain the largest PAH source
to the lake, implying that PAH concentrations likely will continue to decline as stocks of previously applied sealant gradually
become depleted.

■ INTRODUCTION

Coal-tar-based pavement sealants were first identified in 2005
as a potentially large source of polycyclic aromatic hydro-
carbons (PAHs) in urban runoff.1,2 The initial studies were
done in Austin, Texas, and, in response to the findings, the City
of Austin banned coal-tar-sealant use beginning in January
2006, becoming the first jurisdiction in the U.S. to do so.
Subsequent research has demonstrated that coal-tar sealants
contribute PAHs to various environmental compartments
where the chemicals pose potential risks to ecological
communities3−7 and human health,8,9 and numerous cities,
counties, and states have instituted bans.10 A key question,
therefore, arises: Did banning coal-tar sealants affect environ-
mental occurrence of PAHs in Austin?
Sealcoat is a black, shiny liquid sprayed or painted on the

asphalt pavement of many parking lots and driveways in the
United States and Canada. Pavement sealants are marketed as
protecting and beautifying the underlying asphalt pavement.
Sealcoat use is widespread in North America;11 an estimated
320 million liters of coal-tar sealant is used annually in the
U.S.12

Most sealcoat products are made with either a crude coal tar
(or coal-tar pitch) base or an asphalt base derived from crude
oil. The coal-tar products, dominantly used east of the
Continental Divide, typically are 15−35% coal tar or coal-tar
pitch, both of which are known human carcinogens.13 The
major chemicals in coal tar and coal-tar pitch that can cause
harmful health effects are polycyclic aromatic hydrocarbons
(PAHs), phenol, and cresols.14 The concentration of the sum of

the 16 U.S. Environmental Protection Agency Priority Pollutant
PAHs (∑PAH16)

15 in coal-tar-sealant products is 66 000 mg
kg−1 (mean; dry weight basis), about 1000 times greater than
the mean concentration in asphalt-based sealcoat products (50
mg kg−1).8

Lady Bird Lake in Austin, TX (formerly Town Lake,
renamed in 2007), is uniquely situated to test the hypothesis
that restricting use of coal-tar sealant will result in a measurable
decrease in PAH concentrations in receiving water bodies. The
lake is a receiving water body for urban runoff from much of
Austin (Figure 1). At the time of sediment collection for this
study, 6−8 years had passed since use of coal-tar sealant had
been banned, potentially long enough that a downward trend
might be evident in the concentrations of PAHs in lake
sediments. Although the Colorado River has a large, mostly
rural watershed (100 000 km2 upstream from Austin), several
large reservoirs upstream from the lake trap sediment, including
Lake Austin, which is impounded by Tom Miller Dam
immediately upstream from Lady Bird Lake. As a result,
sediment deposited in the lake is dominantly from urban runoff
from Austin and its Extra Territorial Jurisdiction (ETJ)
(Supporting Information (SI) Figure S-1). Of the 410-km2

local drainage area to the lake, 53% lies within Austin and its
ETJ, where coal-tar-sealant use was banned, and in 2010, 92%
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of the population within the lake’s drainage area resided in
Austin and its ETJ (Christopher Herrington, written commun.,
City of Austin, 2013).
Analyses of sediment cores have revealed important

information about contaminant sources, fate, and transport,
and can be a means to evaluate the effects of environmental
regulations.16 Sediment cores have documented downward
trends in DDT, PCBs, and lead, for example, following
restrictions on use or emission of these chemicals.17−19

Sediment cores also have documented upward trends in
some unregulated compounds, for example, PBDEs20 and
PAHs.21 A sediment core collected from Lady Bird Lake in
1998 (TWN.1, preface “TWN” is used in the sample id when
Town Lake was the name of the lake at the time of sampling), 8
years prior to the ban on coal-tar-sealant use, indicated that
PAH concentrations in the lake had increased about 20-fold
from 1959 (384 μg kg−1), when the dam that impounds the
lake was built, to 1998 (7640 μg kg−1).21 An analysis of PAH
assemblages in the 1998 core estimated that 77% of PAHs
deposited in the 1990s were from coal-tar sealants and that the
sealants were the dominant cause of upward trends since the
1960s.22 A 9-cm box core (TWN.2; only the 0−3 cm sample is
used herein) was collected in 2000 at the same location as
TWN.1 and surficial bottom-sediment samples were collected
at four locations in the lake in 2001 (TWN.AC, TWN.BC,
TWN.CC, and TWN.DC, Figure 1). These historical PAH
concentration data provide a preban baseline to which
concentrations in recent, postban samples can be compared.
Here we report on PAH concentrations in sediment cores and
surficial bottom-sediment samples collected from the lake in
August 2012 (6.5 years after the ban) and in February 2014 (8
years after the ban).

■ MATERIALS AND METHODS
Sampling, Analytical, and Quality Control. Two

sediment cores (LBL.1 and LBL.2, preface “LBL” is used in
the sample id when Lady Bird Lake was the name of the lake at
the time of sampling) were collected within ∼50 m of one

another on August 7, 2012, with a 14 × 14-cm square, 50-cm
tall box corer and one core (LBL.3) was collected with a 6.3-cm
diameter free-fall gravity corer. The three cores recovered 19,
25, and 39 cm of sediment, respectively. The site sampled was
within ∼100 m of where cores TWN.123 and TWN.2 were
collected in 1998 and 2000. Only core LBL.2 penetrated
prereservoir soil, at a sediment depth of 37 cm. Following
methods described previously,24 cores LBL.1 and LBL.2 were
sectioned on a 1-cm interval and core LBL.3 was sectioned on a
2-cm interval for chemical analyses. On February 14, 2014, a
gravity core (LBL.4) and a box core (LBL.5) were collected at
the coring locations sampled previously, and surficial bottom-
sediment samples were collected using a box corer at four
locations where samples had been collected and analyzed for
PAHs in 2001 (Figure 1; LBL.AC, LBL.BC, LBL.CC, and
LBL.DC). Gravity core LBL.4 recovered 65 cm of sediment and
was sectioned on a 3-cm interval for chemical analysis. The top
1 cm of sediment from the box cores was used for chemical
analysis to represent surficial bottom sediment deposited in
2014. Samples for analysis of PAHs were transferred to
precleaned glass jars and chilled pending shipment to the
laboratory. Samples for analysis of organic carbon and
radionuclides were freeze-dried and ground to a powder prior
to analysis.
Total and organic carbon were determined by combustion

using a carbon/nitrogen analyzer.25 Twenty sediment intervals
from LBL.3 and 13 intervals from LBL.4 were analyzed by the
U.S. Geological Survey laboratory in Menlo Park, CA (SI Table
S-1) for radionuclides used for age dating the sediment cores.
Activities of 137Cs, 226Ra, and 210Pb were measured by counting
freeze-dried sediments in fixed geometry with a high-resolution,
intrinsic germanium detector gamma spectrometer; the method
of analysis was similar to that reported by Fuller et al.26

Fourteen intervals from LBL.4, 17 intervals from LBL.2, 8
intervals from LBL.4, and the 5 surficial bottom-sediment
samples were analyzed for PAHs at the U.S. Geological Survey
laboratory in Denver, CO. Extraction was by accelerated
solvent extraction and analysis was by gas chromatograph/mass
spectrometer (GC/MS).27 The MS operated in both the
electron impact, full-scan mode and in the selected ion
monitoring mode. Concentrations of 18 parent PAHs, 10
specific alkyl-PAHs, and 10 other semivolatile organic
compounds were determined (SI Table S-2). Full PAH data
for the 1998, 2000, and 2001 sediment samples from Lady Bird
Lake are presented in SI Table S-3.
Quality assurance for PAHs was provided by analyzing 7 of

44 environmental samples in duplicate (samples split in the
field), laboratory blanks, and spiked reagent samples, and by
monitoring recovery of surrogate compounds. Detections of
PAHs in laboratory blank samples were for naphthalene at low
concentrations (5 of 6 set blanks; 3.9 μg kg−1 or less) and for
four other PAHs in a single blank sample (2.0 μg kg−1 or less).
All spike and surrogate recoveries were within established
limits, with the exception of surrogate recovery for nitro-
benzene-d5 in 14 samples, which was below the established
range (data and established recovery limits are provided in SI
Table S-2). No corrections were applied to the environmental
data. The mean relative percent difference (RPD) for the 140
pairs of duplicates in which PAHs or alkyl-PAHs were detected
was 13.7% (median of 11.5%), consistent with repeatability of
PAH analyses in our previous studies.24 Nondetections of
PAHs were estimated for inclusion in ∑PAH16 concentration

Figure 1. Lady Bird Lake on the Colorado River in Austin, Texas, and
locations of sampling sites.
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(SI Table S-4) using ratios of strongly correlated PAHs, as
described in SI.
Statistical Analyses of PAH Sources. Similarity between

PAH profiles of proportional concentrations for urban PAH
sources (SI Table S-5) and the lake sediment was evaluated
statistically by computing the Chi-square (Χ2) test statistic28

between the proportional PAH profiles of each (SI Table S-6);
the lower the X2, the more closely the profiles match. As
computed here and in Van Metre and Mahler (2010),22 X2 is
the summation of the squared difference divided by the mean
for each of 12 proportional PAH concentrations in the two
profiles.
The mass and fractional contributions of PAHs from PAH

sources to Lady Bird Lake sediments were evaluated using the
Contaminant Mass Balance (CMB) model, a source-receptor
model.29−31 In a previous analysis, we used the CMB model to
evaluate PAH sources to 40 U.S. lakes, including Lady Bird
Lake.22 Using the same modeling approach and PAH source
profiles as previously,22 we applied the model to proportional
PAH profiles for samples from the LBL.1 and LBL.4 cores and
to recent (2014) and historical (2000, 2001) surficial bottom-
sediment samples to evaluate potential PAH source contribu-
tions.
Sediment Age Dating. Core LBL.3 was age dated using

the peak activity of 137Cs (dated as 1964.0), the prelacustrine
sediment interface (dated as 1959.0), and the top of the core
(assigned the core-collection date of 2012.6). Constant mass
accumulation rate (MAR) of sediment was assumed between
these markers. Core LBL.4 was age dated using the peak
activity of 137Cs and the top of the core (2014.2); the dates
assigned were consistent with dates based on the constant
sedimentation rate, constant rate of supply 210Pb model.32

Deposition dates were assigned to the sediment intervals in
box cores LBL.1 and LBL.2 by estimating the sedimentation
rate on the basis of the dates assigned to core LBL.3 and
assumed core shortening in the gravity core (LBL.3), as
described in SI (Age Dating of 2012 Cores). The resulting
estimates indicated that the deepest sample analyzed for PAHs
in LBL.1 (17−18 cm) was deposited in about 2001 and in
LBL.2 was deposited in about 1996 (23−24 cm). However, as
described in SI (Effects of the 2007 Flood), sediment
deposition in these cores appears to have been affected by a
large flood on the Colorado River in Austin in July 2007 (SI
Figure S-2), larger than any in the previous 20 years, as
recorded at USGS stream gage 08158000 Colorado River at
Austin, TX33 (2.2 km downstream from Longhorn Dam
(Figure 1)). In core LBL.1, flood-related sediment appears to
occupy about a 4-cm interval, from 7 to 11 cm depth, in the
core. In LBL.2, sediment from about 6 cm depth to the bottom
of the core (25 cm depth) appears to have been disturbed by
flooding. Core LBL.2 is considered less reliable than other
cores, and use of data from this core therefore was limited to
the top two intervals, which were deposited in 2012.

■ RESULTS
PAH Trends. Concentrations of PAHs in Lady Bird Lake

increased by a factor of about 20 from 1959 until about 2000,
flattened during the 2001−2010 decade, and decreased
substantially since about 2010 (Figure 2 and SI Figure S-3).
Sediment deposited during 1998−2005 in the lower part of the
lake near the dam (n = 9; Figure 3) had a mean ∑PAH16
concentration of 7980 (standard deviation (±) 1630 μg kg−1;
SI Table S-4). Sediment from the same locations deposited

after January 2006 (n = 16; Figure 3) had a mean ∑PAH16
concentration of 4500 (±1630) μg kg−1. The decrease in mean

Figure 2. Trends in the sum of the concentrations of the 16 U.S.
Environmental Protection Agency Priority Pollutant PAHs (∑PAH16)
in four cores (TWN.1, LBL.1, LBL.2 (top 2 samples only), and LBL.4)
and four bottom-sediment samples from the lower part of Lady Bird
Lake, Austin, TX (TWN.2, TWN.AC, LBL.5, and LBL.AC). Also
shown are estimated U.S. vehicle emissions,47 and vehicle kilometers
traveled for the city of Austin.45

Figure 3. Estimated date of deposition for sediment samples collected
from the lower part of Lady Bird Lake near Longhorn Dam. Data are
for four cores (red circles; LBL.1, LBL.2 (top 2 samples only), LBL.4,
and TWN.1) and for surficial bottom-sediment samples (yellow
squares; TWN.2, TWN.AC, LBL.5, and LBL.AC). Gray shaded areas
indicate date ranges of samples used in statistical comparisons of
concentrations.
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∑PAH16 concentration of about 44% between these two 8-year
periods is statistically significant (Kruskall-Wallis test, p-value =
0.0001). If only sediment deposited in 2012−2014 is
considered (n = 7; Figure 3), the mean ∑PAH16 concentration
is 3320 (±1510) μg kg−1, reflecting a statistically significant
decrease of about 58% in the mean ∑PAH16 concentration 6−
8 years after the ban on use of coal-tar sealants (Kruskall-Wallis
test, p-value = 0.0004). The Pearson’s correlation coefficient (r)
between time and ∑PAH16 concentration for the 7 samples
deposited during 2009−2012 in core LBL.1, which has the
most temporal detail, is −0.93 (p-value = 0.002), indicating a
statistically significant downward trend. A statistically significant
downward trend in ∑PAH16 also is indicated by the six most
recent samples from LBL.2 (r = −0.92, p-value = 0.009).
PAH Profiles as Indicators of Sources. Similarity

between PAH profiles for 22 PAH source materials and
sediment samples collected in 2012 and 2014 was compared
using the X2 test statistic (SI Tables S-5 and S-6). The PAH
profile for coal-tar-sealant pavement dust from Austin is the
closest match to Lady Bird Lake sediments on average (mean
X2 = 0.070 ± 0.05). The next closest match is the slightly less-
weathered coal-tar-dust profile that is the mean of dust samples
from six U.S. cities (mean X2 = 0.092 ± 0.03). The closest
match for a noncoal-tar-sealant-related source is gasoline-
vehicle particulate emissions (mean X2 = 0.224 ± 0.05). Sample
LBL.CC, which had an anomalously high ΣPAH16 concen-
tration relative to the other bottom sediment samples (51 600
μg kg−1, about 9 times higher than the next highest 2014
sample), has a PAH profile that is somewhat different from
those of all the other samples. The profile is less similar to the
coal-tar-sealant pavement dust for Austin and relatively more
similar to the profiles for dust samples from six U.S. cities,
National Institute of Standards and Technology coal tar, pine-
wood soot, diesel-vehicle particulates, and coal combustion
emissions (SI Table S-6).
Source-receptor models, such as the CMB model, provide a

quantitative approach to evaluating relative contributions from
multiple PAH sources.29−31 We used the CMB model to
evaluate sources of PAHs to all sediment samples presented
here (historical data and data collected in 2012 and 2014) with
the exception of the TWN1 core, for which CMB-model results
have already been reported.22 Seven combinations of sources
and input PAHs were tested: final models A through D
presented in Van Metre and Mahler (2010);22 a model (E) that
represents vehicle-related inputs using the gasoline- and diesel-
vehicle emissions profiles instead of the traffic-tunnel-air profile
used for models A−D, a source combination also used by Li et
al. (2003);30 a model (F) with the sources used in model E but
excluding a profile for coal-tar sealant; and a model (G) with
the sources used in model E but excluding the profiles for
vehicle-related emissions. For models A and B, the contribution
from coal-tar sealant was represented by the previously
published PAH profile for pavement dust from 6 U.S. cities
and for models C, D, E, and G, that contribution was
represented by the previously published profile for pavement
dust from Austin22 (SI Table S-5). Models F and G were
included to test whether equally good model solutions could be
achieved without considering coal-tar sealant or vehicles as
sources. Summary statistics for model fitting parameters and
results for total PAH (the sum of the 12 PAHs in the profile)
are presented in SI Table S-7. Performance for models A−E
and G was good, with overall mean r2 between measured and
calculated PAH concentrations of 0.92 to 0.96 and X2 of 0.35 to

0.68. Model F, the model without a coal-tar-sealant source
term, had weaker measures of model performance (r2 = 0.88,
X2 = 1.13). The variations in model performance for models
A−G indicate that a better model fit can be achieved if a coal-
tar-sealant source term is included and that excluding a vehicle
source term has little effect on model performance.
All of the models that included coal-tar-sealant and vehicle

source terms (A−E) indicated that coal-tar sealant is the
dominant source of PAHs to the lake, with the mean
contribution across all samples of 78%. Models A−D
apportioned slightly more of the PAH loading to coal-tar
sealant (74−84%) than did model E (73%), and the overall
results are consistent with the proportion of PAHs attributed to
coal-tar sealant using the same models (A−D) applied to the
1998 TWN core (77%).22 On the basis of the mean results of
models A−E, PAH mass loading from coal-tar sealant decreased
from a mean of 6550 μg kg−1 1998-2005 (samples from sites
AC and TWN.2 and sediment intervals deposited between
1998 and 2006 from the TWN.1 and LBL cores, n = 9) to a
mean of 3040 μg kg−1 in 2012−14 (n = 7), but proportional
loading remained about the same (83 and 85% for the two time
intervals, respectively) (SI Table S-7). The PAH mass loading
from vehicles decreased from 540 μg kg−1 in 1998−2005 to 150
μg kg−1 in 2012−2014, and the proportional contribution
decreased from 7 to 4%. Small contributions from coal, oil, and
wood combustion were comparable to or less than the
contribution from vehicles. Results for site CC were anomalous,
with a large contribution from coal-tar sealant in the 2001
sample (88%) but a small contribution in the 2014 sample
(23%) and larger contributions from coal (39%) and wood
(37%) combustion (percentages are means of models A−E).

■ DISCUSSION
PAH Trends since the Coal-Tar-Sealant Ban. PAH

concentrations in bed sediment in the lower part of Lady Bird
Lake have declined substantially since the ban on coal-tar
sealant was imposed in 2006. Prior to the 2006 ban on use, an
estimated 2.5 million L of coal-tar-based sealant was used
annually in Austin,3 and violations following the ban reportedly
are rare (Mateo Scoggins, City of Austin, written commun.,
2012). The downward trend in PAH concentrations in the lake
following the ban can be compared with trends in
concentrations of DDT and PCBs in lakes in response to
actions taken to reduce the release of these contaminants into
the environment. Multidecadal downward trends in DDT and
PCBs indicate that typical half-times (the time taken for
concentrations to decrease by one-half) are 10−15 years
following cessation of use.34,35 The initial PAH decrease in the
lake cores is more rapid, with concentrations decreasing by
about one-half in 6−8 years, but within the range of rates
reported for DDT and PCBs.
The change in PAH concentrations at the three midlake

locations where surficial bottom sediment was sampled in 2001
and 2014 (BC, CC, and DC; Figure 1) are variable, with
concentrations at BC and DC decreasing about 71 and 35%,
respectively, and concentrations at site CC increasing about
14%. The more fluvial nature of the sites compared with the
lower-lake sites near the dam might lead to more variability in
bulk sediment characteristics such as grain size and organic
carbon content, affecting PAH concentrations. Organic carbon
data are not available for the historical PAH data (1998−2001
samples), so the potential effect of variations in carbon content
cannot be evaluated for samples TWN.BC, TWN.CC, and
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TWN.DC. Trends in organic-carbon-normalized ∑PAH16
concentrations in cores LBL.1 and LBL.4, however, are similar
to trends in ∑PAH16 concentrations but with a slightly greater
relative decrease since pre-2006 (SI Figure S-3).
The decreases in ∑PAH16 concentrations at sites BC and

DC are consistent with the response in PAH concentrations to
the cessation of use of coal-tar-based sealants indicated by the
cores and surficial bottom-sediment samples from the lower
lake. Site CC, however, is an outlier in terms of PAH
concentrations, trends, and assemblage. Although it is unclear
whether other sources are contributing to the higher PAH
concentrations and upward trend at site CC, the different PAH
assemblages, modeled source contributions, and downward
trends measured in sediments from the lower lake and at the
two other bottom-sediment-sampling sites, relative to the
results at site CC, indicates that the source of PAHs to site CC
is localized.
An earlier study that tested for trends in PAH concentrations

following the coal-tar-sealant ban in Austin proved incon-
clusive.36 That study reported no statistical difference between
PAH concentrations in 17 streambed sediment samples
collected in October 2005 (preban) and 20 samples collected
in April 2008 (postban); of those sites, 13 were sampled both
pre- and postban. The authors concluded that the lack of a
significant change in concentrations was “consistent with
pavement sealer products representing a relatively small
fraction of overall [PAH] inputs”. That study had several
limitations that might have contributed to an inability to detect
a trend in response to the ban, one of which being the relatively
short amount of time (27 months) that had passed since the
ban was imposed. As demonstrated in this study, about 6 years
passed before a definitive trend in PAHs in Lady Bird Lake
sediment was indicated (Figure 2). Additional factors that
might have limited the ability of the earlier study to detect a
trend include large spatial and temporal variability in the
physical and chemical characteristics of streambed sediment,
high analytical uncertainty in the PAH analyses (RPD of 42 and
87% in duplicate samples), and inclusion of sites in areas where
coal-tar sealant was not used (e.g., drainage swales along an
interstate highway and parking lots in new, postban develop-
ments).
PAH Sources. CMB modeling results and comparisons of

PAH profiles indicate that, although PAH concentrations are
declining, coal-tar sealants continue to be the largest PAH
source proportionally to Lady Bird Lake sediment. This
indicates that PAHs from coal-tar sealants continue to be
transported to the lake as existing stocks of coal-tar sealant
gradually are depleted.12,37 These stocks are on pavement but
also likely have accumulated in other environmental compart-
ments such as soils, stormwater ponds, and streambed
sediments. Because coal-tar sealant is such a potent source of
PAHs, a small mass contribution can account for a large
proportion of the total PAH concentration. We reported a
similar situation for some western U.S. lakesin these settings
PAH loading is small, but a small mass contribution of PAHs
from coal-tar sealants (relative to eastern U.S. lakes) accounted
for a substantial part of that loading.22 Yang et al. (2010)38

found that a mass fraction of coal-tar pitch of only 3.2% of
carbonaceous material accounted for 84% of the PAHs in lake
sediment.
Could environmental factors other than the coal-tar-sealant

ban have caused the large decline in PAH concentrations in
Lady Bird Lake sediment in recent years? The decline is not

related to wastewater treatment: Austin’s two regional waste-
water-treatment plants discharge downstream from the lake.
Industrial point sources also are unlikely to be the cause: Austin
has a relatively modest industrial sector dominated by high tech
and construction (e.g., cement) and the larger industrial
facilities are located east and south of the city, not in the
watershed of Lady Bird Lake. Many studies have found that
elevated levels of PAHs are associated with urbanization,39−42

however, population growth in Austin continues at a rapid pace,
increasing 20% during the 2000−2010 decade.43 Some of these
studies and others30,44 have concluded that vehicle emissions
are a major source of PAHs to urban water bodies. Before coal-
tar sealants were recognized as an urban source of PAHs, we
also hypothesized that the upward PAH trends in the TWN.1
core might be related to vehicle traffic.21 Although trends in
vehicle kilometers traveled (original reference in vehicle miles
traveled)45 in Austin and PAH trends in the lake sediment from
the 1960s to 2000 matched closely, since about 2000 vehicle
kilometers traveled have continued to increase while PAH
concentrations have dropped precipitously (Figure 2). Nation-
ally, although vehicle kilometers traveled continue to increase in
the United States, estimated vehicle emissions of PAHs have
declined greatly since the introduction of catalytic converters in
the 1970s,46 from 32 000 Mg in 1971 to 3500 Mg in 2000 to
510 Mg in 201247 (Figure 2). Those large declines in vehicle
emissions of PAHs are in contrast with upward trends in PAHs
in U.S. urban lakes from the 1960s to the 2000s35 and cannot
explain the reversal from an upward to a downward trend in
PAHs in Lady Bird Lake in recent years.
Elimination of coal-tar-sealant use coincides with a statisti-

cally significant decrease in PAH concentrations in Lady Bird
Lake sediments, supporting the conclusion that coal-tar sealants
were the largest source of PAHs and the primary cause of the
upward trends in PAHs in Lady Bird Lake from the 1960s to
about 2000.22 Modeling results indicate that, although PAH
concentrations are declining, existing stocks of coal-tar sealants
continue to contribute the largest proportion of PAHs to the
lake sediments, implying that PAH concentrations should
continue to decrease as those stocks are depleted. In an initial
study of PAHs in runoff from coal-tar-sealed pavement in
Austin, it was estimated that loading of PAHs from sealed
parking lots would be reduced by 89−95% if the lots were not
sealed.1 Similarly, Pavlowsky48 concluded that elimination of
use of coal-tar sealants in Springfield, MO, would lead to a 80−
90% reduction in PAH concentrations in streams and ponds,
but noted that it might take years to decades for that reduction
to be realized. The decline in PAH concentrations in sediment
from Lady Bird Lake in Austin provides the first direct evidence
that these estimates are not overstated.
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(France). Sci. Total Environ. 2014, 476−477, 568−576.
(19) Callender, E.; Van Metre, P. C. Reservoir sediment cores show
U.S. lead declines. Environ. Sci. Technol. 1997, 31 (9), 424A−428A.
(20) Hites, R. A., Brominated flame retardants in the Great Lakes. In
The Handbook of Environmental Chemistry; Hites, R. A., Ed.; Springer:
Berlin/Heidelberg, Germany, 2006; Vol. 5N/2006, pp 355−390.
(21) Van Metre, P. C.; Mahler, B. J.; Furlong, E. T. Urban sprawl
leaves its PAH signature. Environ. Sci. Technol. 2000, 34, 4064−4070.
(22) Van Metre, P. C.; Mahler, B. J. Contribution of PAHs from
Coal-Tar Pavement Sealcoat and Other Sources to 40 U.S. Lakes. Sci.
Tot. Environ. 2010, 409, 334−344.
(23) Van Metre, P. C.; Mahler, B. J. Town Lake Bottom Sediments: A
Chronicle of Water-Quality Changes in Austin, Texas, 1960−98; USGS
Fact Sheet 183−99. U.S. Geological Survey: Denver, CO, 1999; 6 p.
(24) Van Metre, P. C.; Wilson, J. T.; Fuller, C. C.; Callender, E.;
Mahler, B. J. Methods, Site Characteristics, and Age Dating of Sediment
Cores for 56 U.S. Lakes and Reservoirs Sampled by the USGS National
Water-Quality Assessment Program, 1993−2001, USGS SIR 2004−
5184; U.S. Geological Survey, 2004; p 120.
(25) Wershaw, R. L.; Fishman, M. J.; Grabbe, R. R.; Lowe, L. E.
Methods for the Determination of Organic Substances in Water and
Fluvial Sediments; U.S. Geological Survey Techniques of Water-
Resource Investigation: 05-A3, 1987; p 80.
(26) Fuller, C. C.; van Geen, A.; Baskaran, M.; Anima, R. Sediment
chronology in San Francisco Bay, California, defined by 210Pb, 234Th,
137Cs, and 239,240Pu. Mar. Chem. 1999, 64, 7−27.
(27) Zaugg, S. D.; Burkhardt, M. R.; Burbank, T.; Olson, M. C.;
Iverson, J. L.; Schroeder, M. P. Determination of Semivolatile Organic
Compounds and Polycyclic Aromatic Hydrocarbons in Solids by Gas
Chromatography/Mass Spectrometry; Techniques and Methods, book 5,
Chapter B3; U.S. Geological Survey: 2006; p 44.
(28) Haan, C. T. Statistical Methods in Hydrology. Iowa State
University Press: Ames, IA, 1977; p 378.
(29) Christensen, E. R. PAHs in sediments: Unmixing and CMB
modeling of sources. J. Environ. Eng. 1999, 125 (11), 1022−1032.
(30) Li, A.; Jang, J.-K.; Scheff, P. A. Application of EPA CMB8.2
model for source apportionment of sediment PAHs in Lake Calumet,
Chicago. Environ. Sci. Technol. 2003, 37, 2958−2965.
(31) Coulter, T. C. EPA-CMB8.2 Users Manual; U.S. Environmental
Protection Agency: Research Triangle Park, NC, 2004; p 123.
(32) Appleby, P. G.; Oldfield, F. Application of lead-210 to
sedimentation studies. In Uranium-Series Disequilibrium: Applications

Environmental Science & Technology Article

dx.doi.org/10.1021/es405691q | Environ. Sci. Technol. 2014, 48, 7222−72287227

http://pubs.acs.org
mailto:pcvanmet@usgs.gov
http://www.austintexas.gov/sites/default/files/files/Watershed/coaltar/PAHs_in_Austin_2005_final.pdf
http://www.austintexas.gov/sites/default/files/files/Watershed/coaltar/PAHs_in_Austin_2005_final.pdf
http://www.austintexas.gov/sites/default/files/files/Watershed/coaltar/PAHs_in_Austin_2005_final.pdf
http://www.pca.state.mn.us/index.php/view-document.html?gid=16180
http://www.pca.state.mn.us/index.php/view-document.html?gid=16180
http://www.atsdr.cdc.gov/ToxProfiles/tp85.pdf
http://www.atsdr.cdc.gov/ToxProfiles/tp85.pdf
http://water.epa.gov/scitech/methods/cwa/pollutants.cfm


to Earth, Marine, And Environmental Sciences, 2nd ed.; Ivanovich, M.,
Harmon, S., Eds.; Clarendon, Press: Oxford, 1992; p 910.
(33) USGS National Water Information System. http://waterdata.
usgs.gov/tx/nwis/ (accessed October 29, 2013).
(34) Van Metre, P. C.; Wilson, J. T.; Callender, E.; Fuller, C. C.
Similar rates of decrease of persistent, hydrophobic contaminants in
riverine systems. Environ. Sci. Technol. 1998, 32 (21), 3312−3317.
(35) Van Metre, P. C.; Mahler, B. J. Trends in hydrophobic organic
contaminants in lake sediment across the United States, 1970−2001.
Environ. Sci. Technol. 2005, 39, 5567−5574.
(36) DeMott, R. P.; Gauthier, T. D.; Wiersema, J. M.; Crenson, G.
Polycyclic aromatic hydrocarbons (PAHs) in Austin sediments after a
ban on pavement sealers. Environ. Forensics 2010, 11, 372−382.
(37) Watts, A. W.; Ballestero, T. P.; Roseen, R. M.; Houle, J. P.
Polycyclic aromatic hydrocarbons in stormwater runoff from seal-
coated pavements. Environ. Sci. Technol. 2010, 44 (23), 8849−8854.
(38) Yang, Y.; Van Metre, P. C.; Mahler, B. J.; Wilson, J. T.; Ligouis,
B.; Razzaque, M. M.; Schaeffer, D. J.; Werth, C. J. Influence of coal-tar
sealcoat and other carbonaceous materials on polycyclic aromatic
hydrocarbon loading in an urban watershed. Environ. Sci. Technol.
2010, 44, 1217−1223.
(39) Takada, H.; Onda, T.; Harada, M.; Ogura, N. Distribution and
sources of polycyclic aromatic hydrocarbons (PAHs) in street dust
from the Tokyo Metropolitan area. Sci. Total Environ. 1991, 107, 45−
69.
(40) Simcik, M. F.; Eisenreich, S. J.; Golden, K. A.; Liu, S.-P.;
Lipiatou, E.; Swackhamer, D. L.; Long, D. T. Atmospheric loading of
polycyclic aromatic hydrocarbons to Lake Michigan as recorded in the
sediments. Environ. Sci. Technol. 1996, 30 (10), 3039−3046.
(41) Lopes, T. J.; Furlong, E. T.; Pritt, J. W. Occurrence and
distribution of semivolatile organic compounds in stream bed
sediments, United States, 1992−1995. Environ. Toxicol. Risk Assess.
1997, 7, 105−119.
(42) Chalmers, A. T.; Van Metre, P. C.; Callender, E. The chemical
response of particle-associated contaminants in aquatic sediments to
urbanization in New England, U.S.A. J. Contam. Hydrol. 2007, 91, 4−
25.
(43) Census, U. S. United States Census Bureau. http://www.census.
gov/ (accessed November 9, 2013).
(44) Yunker, M. B.; MacDonald, R. W.; Vingarzan, R.; Mitchell, R.
H.; Goyette, D.; Sylvestre, S. PAHs in the Fraser River basin: A critical
appraisal of PAH ratios as indicators of PAH source and composition.
Org. Geochem. 2002, 33, 489−515.
(45) Schrank, D.; Eisele, W.; Lomax, T. TTI’s 2012 Urban Mobility
Report; Texas A&M Transportation Institute; Texas A&M University:
College Station, TX, 2012; p 71.
(46) Beyea, J.; Stellman, S. D.; Hatch, M.; Gammon, M. D. Airborne
emissions from 1961 to 2004 of benzo[a]pyrene from U.S. vehicles per
km of travel based on tunnel studies. Environ. Sci. Technol. 2008, 42
(19), 7315−7320.
(47) Shen, H.; Tao, S.; Wang, R.; Wang, B.; Shen, G.; Li, W.; Su, S.;
Huang, Y.; Wang, X.; Liu, W.; Li, B.; Sun, K. Global time trends in
PAH emissions from motor vehicles. Atmos. Environ. 2011, 45, 2067−
2073.
(48) Pavlowsky, R. T. Coal-tar pavement sealant use and polycyclic
aromatic hydrocarbon contamination in urban stream sediments. Phys.
Geogr. 2013, 34 (4−5), 392−415.

■ NOTE ADDED AFTER ASAP PUBLICATION
There was an r-squared value missing in the second paragraph
of the PAH Profiles as Indicators of Sources section in the
version of this paper published June 16, 2014. The correct
version published June 18, 2014.
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